Vitamin E (α-tocopherol, VitE) was discovered in 1922 for its role in preventing embryonic mortality. We investigated the underlying mechanisms causing lethality using targeted metabolomics analyses of zebrafish VitE-deficient embryos over five days of development, which coincided with their increased morbidity and mortality. VitE deficiency resulted in peroxidation of docosahexaenoic acid (DHA), depleting DHA-containing phospholipids, especially phosphatidylcholine, which also caused choline depletion. This increased lipid peroxidation also increased NADPH oxidation, which depleted glucose by shunting it to the pentose phosphate pathway. VitE deficiency was associated with mitochondrial dysfunction with concomitant impairment of energy homeostasis. The observed morbidity and mortality outcomes could be attenuated, but not fully reversed, by glucose injection into VitE-deficient embryos at developmental day one. Thus, embryonic VitE deficiency in vertebrates leads to a metabolic reprogramming that adversely affects methyl donor status and cellular energy homeostasis with lethal outcomes.
Introduction
Vitamin E (α-tocopherol, VitE) was discovered in 1922 because it prevented embryonic mortality in rats [1] , but the involved mechanisms remain unknown. VitE is a lipophilic antioxidant [2] , protecting long-chain polyunsaturated fatty acids, especially docosahexaenoic acid (DHA) from lipid peroxidation [3, 4] . Is VitE's essentiality due to its antioxidant function? A leading theory argues VitE is an integral part of an "antioxidant network" [5] , where the one-electron VitE oxidation product (generated by its scavenging peroxyl radicals) is reduced by ascorbic acid. Reduction of the ascorbyl radical utilizes other antioxidants, especially glutathione (GSH). The subsequent reduction of GSSG (the GSH oxidization product) uses endogenous reducing equivalents, primarily NADPH, to serve as the final electron-acceptor [5] . This close association between GSH and VitE is further emphasized by studies of phospholipid hydroperoxide glutathione peroxidase (GPx4), a selenium-dependent peroxidase that reduces phospholipid hydroperoxides [6] . Could dysregulation of this antioxidant network cause embryonic mortality? Maternal VitE supplementation in mice prevents GPx4 knockdown-induced lethality in offspring [7] , suggesting that VitE is necessary both 1) to generate lipid hydroperoxides from peroxyl radicals (the lipid hydroperoxides then function as GPx4 substrates) and 2) in the absence of GPx4 to prevent alkoxyl radicals, which arise from the spontaneous oxidation of lipid hydroperoxides, from reinitiating lipid peroxidation.
In humans, VitE deficiency increases early miscarriage risk [8] , which poses public health concerns since estimates of inadequate dietary VitE intakes exceed 80% of the global ≥14 year-old population [9] . Using our VitE-deficient zebrafish model as a tool, we undertook solving the mystery of why VitE is a necessary nutrient, especially during vertebrate embryonic development.
Materials and methods

Study design
All experiments were performed in duplicate. All data trends and specific outcomes contained herein matched between the first and second experimental replicates. In order to maximize consistency, the results we report are all from the second set of experiments. Additional supplementary data and the complete data set is available online.
Materials and reagents
Reagents used for metabolomics analyses included: methanol and ultra-pure water (LC-MS grade, EMD Millipore, Gibbstown, NJ); formic acid, acetic acid (Optima LC/MS grade; Fisher Chemical, Pittsburgh, PA); and butylated hydroxytoluene (BHT, TCI America; Portland, OR), as well as zirconium oxide beads (Next Advance; Averill Park, NY). Deuterium (d) labeled internal standards DHA-d 5 , ARA-d 8 , EPA-d 5 , LAd 4 , and 9(S)-HODE-d 4 (Cayman Chemical, Ann Arbor, MI) were used for quantification of total and free fatty acids, and oxidized DHA derivatives, respectively. Sterile d 6 -α-tocopherol emulsion (Fresenius-Kabi, Graz, Austria) and D-(+)-glucose (Sigma Aldrich, St. Louis MO) were used for embryo microinjection rescue studies. Reagents used for bioenergetics profiling included: oligomycin (Cayman Chemicals; Ann Arbor, MI), carbonyl cyanide 4-(trifluoromethoxy) phenyl-hydrazone (FCCP), and sodium azide (Sigma-Aldrich; St. Louis, MO).
Zebrafish husbandry and diets
The Institutional Animal Care and Use Committee of Oregon State University approved this protocol (ACUP Number: 4344). Tropical 5D strain zebrafish were housed in the Sinnhuber Aquatic Research Laboratory. Adults were kept at standard laboratory conditions of 28°C on a 14-h light/10-h dark photoperiod in fish water consisting of reverse osmosis water supplemented with a commercially available salt (Instant Ocean®) to create a salinity of 600 microsiemens [11] , adjusted to pH 7.4. At 55 days post-fertilization (dpf), adult zebrafish were randomly allocated to one of two diet groups, α-tocopherol deficient (E-) or α-tocopherol sufficient (E+), for the duration of the study [12] . The defined diets, which contained only fatty acids with 18 or fewer carbons and no more than 3 double bonds, were prepared with the vitamin C source as StayC (500 mg/kg, Argent Chemical Laboratories Inc., Redmond, WA) and without (E-) or with added α-tocopherol (E+, 500 mg RRR-α-tocopheryl acetate/kg diet, ADM, Decatur, IL), as described previously [12, 13] . Diets were stored at −20°C until fed to the adult zebrafish.
E-and E+ embryos were obtained from adult fish fed either the Eor E+ diet, respectively, for a minimum of 80 days up to 9 months. Embryos were obtained through natural group spawning, collected, staged [11] , and kept in standard embryo media (EM; as described [14] ). Embryos used for biochemical analysis, described below, were euthanized prior to sampling by cold exposure (placed on ice for a minimum of 30 min). Note that embryos are not fed. For all experiments, the E+ embryos are considered the control condition; lab embryos also were used as an additional control to monitor embryo quality (data not shown).
Vitamin E and ascorbic acid analyses
Using high-pressure liquid chromatography with electrochemical detection, diet and embryo α-tocopherol [15] and ascorbic acid [16] were determined. Measured α-tocopherol concentrations in the E-and E+ diets were 0.45 ± 0.01 and 369 ± 2 mg/kg, respectively; vitamin C was 143 ± 16 mg ascorbic acid/kg (n=3 replicate samples measured for each diet). This level of dietary vitamin C has been found to be adequate for the zebrafish [17] .
Evaluation of phenotypic and developmental progress
At 24 h post-fertilization (hpf), embryos were assessed for viability, developmental progression and spontaneous movements (earliest behavior in zebrafish), using the zebrafish acquisition and analysis program (ZAAP). ZAAP is a custom program designed to inventory, acquire, and manage zebrafish data, and was used to collect 18 developmental endpoints, as either present or absent (i.e. binary responses were recorded, described below [18] ).
Developmental progression is considered perturbed if zebrafish are delayed more than 12 h compared to control animals. Spontaneous movements are assessed over a 2 min period and are considered perturbed if there is a lack of embryonic contractions and/or movement. At 96 and 120 hpf, larval morphology (body axis, eye, snout, jaw, otic vesicle, notochord, heart, brain, somite, fin, yolk-sac, trunk, circulation, pigment, and swim bladder) was evaluated and recorded and behavioral endpoints (motility, tactile response) were thoroughly evaluated. If the embryo was dead at either 24 or by 96-120 hpf, the non-mortality endpoints were not included in the evaluations. All images were taken using a Keyence BZ-700X microscope with a 2× objective lens under standard bright-field conditions.
Behavioral assessments
Locomotor activity [18, 19] was measured in a total of n=128 embryos per VitE group using Viewpoint Zebrabox (software version 3.0, Viewpoint Life Sciences, Lyon, France). At 96 hpf, the plates containing the embryos were placed in a Viewpoint ZebraBox and embryo locomotor activity was assessed using the "tracking" setting during alternating periods of light and dark, a modification of [20] . Embryos subjected to this test typically move less during the light periods and more during dark periods, and behavioral differences can be determined by comparing distances moved during the light and/or dark periods. Locomotor activity in response to the light/dark transition was tracked during 3 min periods of alternating light and dark for a total of 24 min. The integration time was set to 6 s to increase statistical power. A high definition camera (30 frames/second) tracked the total movement (swim distance, millimeters) in response to the multiple light-dark transitions.
Extraction and LC-MS/MS for metabolomic analysis
At 12 hpf, E-and E+ embryos were transferred one embryo per well into 96 well plates containing 100 μL EM per well. Following 24, 48, 72, and 120 hpf, embryos (n=15 per replicate, n=4 replicates per group) were transferred to 1.5 mL Eppendorf tubes, covered with EM, and kept on ice for 30 min to euthanize the animals. EM was carefully removed to prevent loss of embryos and samples were stored at −80°C overnight. To extract embryos for metabolomics analyses, solvent (300 μL 80:20 v/v methanol:water) was added, then sample extracts were homogenized with 0.5 mm zirconium oxide beads using a countertop bullet blender for 6 min. Following 15 min incubation on ice, the extracts were centrifuged at 4°C at 15,000×g for 13 min. Aliquots (200 μL) of the upper layer were transferred individually to new tubes and stored at −80°C until analysis via LC-MS/MS. To ensure the stability and repeatability of the LC-MS system, quality control (QC) samples (n=4), which were generated by pooling 10 μL aliquots from each embryo extract, were analyzed with the embryo samples.
Chromatography was performed with a Shimadzu Nexera system (Shimadzu; Columbia, MD, USA) coupled to a high-resolution hybrid quadrupole-time-of-flight mass spectrometer (TripleTOF® 5600; SCIEX;
Framingham, MA, USA). Two different LC analyses using reverse phase and HILIC columns were used. In reverse phase LC, chromatographic separations were carried out using a 4.6×150 mm Inertsil phenyl-3 column (5 µm, GL Sciences Inc., Rolling Hills Estates, CA, USA) for positive and negative ion analyses, as we described [21] . The sample injection volume was 10 μL and the flow rate was 0.4 mL/min. The mobile phases consisted of water (A) and methanol (B), both with 0.1% formic acid. The gradient was as follows: an initial hold at 5% B for 1 min, followed by a gradient of 5-50% B in 11 min, to 100% B at 23 min, held until 35 min, then a shift to 5% B at 37 min until 50 min. The column temperature was held at 50°C. In metabolomics HILIC LC analysis, separation was carried out using a 4.6×150 mm SeQuant ZICpHILIC (5 µm, EMD Millipore, Billerica, MA, USA). The flow rate was 0.4 mL/min and the injection volume was 10 μL. The two mobile phases consisted of 20 mM ammonium carbonate, pH 9.2 with ammonium hydroxide in water (A) and acetonitrile (B). The gradient was as follows: an initial hold at 80% B for 1 min, followed by a gradient of 80-20% B in 30 min, to 8% B at 31 min, held until 36 min, then a shift to 80% B at 37 min until 44 min. The column temperature was held at 50°C.
Time-of-flight (TOF) mass spectrometry (MS) was operated with an acquisition time of 0.25 s and a scan range of 70-1000 Da. MS/MS acquisition was performed with collision energy set at 35 V and collision energy spread of 15 V. Each MS/MS scan had an accumulation time of 0.17 s and a range of 40-1000 Da using information-dependent acquisition (IDA). The source temperature was set at 500°C and IonSpray voltage at 4.5 kV in positive ion mode and −4.0 kV negative ion mode, respectively.
Sample preparation, extraction and LC-MS/MS analyses of total or
free DHA, EPA, ARA, and LA fatty acids and hydroxy-DHA Analysis of total DHA, EPA, ARA, and LA were performed as described [15] with the following modifications: samples were obtained at 24, 48, 72, and 120 hpf (n=10-15 embryos per replicate, 3 replicates per group) and saponified in alcoholic KOH with 1% ascorbic acid; following cooling, the pH was adjusted to 2. QC samples were prepared as described for metabolomic analysis. Amounts were quantitated by relative comparison to internal standards, see below.
Chromatographic separations were carried out on 4.6×250 mm J'sphere ODS-H80 (4 µm, YMC Co, Kyoto, Japan) for negative ion analysis. TOF-MS and TOF-MS/MS were operated with same parameters as for metabolomics, described above. The sample injection volume was 10 μL and the flow rate was 1 mL/min. The mobile phases consisted of water (A) and acetonitrile (B), both with 0.1% acetic acid. The gradient was as follows: an initial hold at 30% B for 4 min, followed by a gradient of 30-60% B in 1 min, to 65% B at 13 min, to 80% B at 25 min, to 100% at 26 min held until 32 min, then a shift to 30% B at 33 min until 38 min. The column temperature was held at 35°C.
Extracellular flux analyzer assay for bioenergetic profiling
Oxygen consumption rate (OCR) and proton production rate (PPR) measurements were performed using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) with methods based on [22] . Dual-analyte sensor cartridges were soaked in 500 μL XF Calibrant Solution (Seahorse Bioscience, Billerica, MA) in 24-well cell-culture microplates (Seahorse Bioscience, Billerica, MA) overnight at 30
• C to hydrate. Embryos were staged and placed into 20 of 24 wells on an islet microplate; the remaining four wells served as temperature control wells. Islet plate capture screens were placed over the top of the measurement area to keep the embryos in place. Preliminary experiments were performed to determine the number of embryos needed to achieve OCRs that fell within the recommended specifications of the XF24 instrument for each developmental age: four embryos per well at 24 hpf, and two embryos per well at 48 hpf. At 24 hpf, embryos (4 embryos per well; n=7 wells per VitE condition) were rinsed and placed in unbuffered EM in the XF24 islet capture plate. Briefly, we used oligomycin A to inhibit ADP phosphorylation by the mitochondrial ATP synthase, thereby initiating a decrease in OCR that approximates the fraction of total basal respiration coupled to ATP turnover. Treatment with the uncoupling/protonophore agent, FCCP, causes translocation of protons from the mitochondrial intermembrane space to the matrix, leading to an increase in the OCR that approximates "maximal respiratory capacity". Sodium azide (NaN 3 ) blocks the respiratory chain by inhibiting cytochrome c oxidase, leaving "nonmitochondrial respiration". The difference in minimum OCRs measured after oligomycin A and sodium azide treatments is a metric of respiration attributed to proton leak (i.e. ion movements requiring proton motive force) across the mitochondrial inner membrane [23, 24] . Titrations of each reagent were performed at 24 and 48 hpf, to determine the concentrations that produced the maximum change in respiration without inducing death within the experimental time frame. Concentrated stocks of oligomycin and FCCP were prepared in DMSO at 10 mM and 20 mM, respectively. A concentrated stock of sodium azide (5 M) was prepared in phosphate-buffered saline.
OCR and PPR were measured before and after the addition of 50 μL of 63.2 μM oligomycin A (ATP synthase inhibitor), 55.6 μL 2.5 μM FCCP (mitochondrial uncoupler), and 61.6 μL sodium azide (mitochondrial complex IV inhibitor). The same protocol was used for 48 hpf embryos (2 embryos per well; n=7 wells per VitE group) with addition of 50 μL 9.2 μM oligomycin A; then 56.0 μL 2.8 μM FCCP; then 62 μL 1.25 mM NaN 3 . The Seahorse protocol consisted of calibration, equilibration, 8 measurements of baseline, 8 measurements after injection of oligomycin A and FCCP, and 12 measurements after injection of NaN 3 . OCRs and PPRs were calculated using a modified AKOS algorithm, available with the Seahorse Bioscience software, that takes into account oxygen diffusion through the plate and atmospheric leak, in addition to the oxygen consumed by the organism [22] . Buffer capacity was calculated by monitoring pH of the media, and PPR values derived based on the calculated buffer capacity and chamber volume of each well.
Microinjection rescue studies
Embryos were microinjected using a nanoliter 2000 injector (World Precision Instruments, Sarasota, FL, USA) linked to a stereoscopic microscope. Needles for microinjection were made in a puller (Sutter Instruments, model P-97, Novato, CA, USA) using glass capillary with an internal filament (1.14 o.d.; 0.5 mm i.d.). For pilot α-tocopherol injections, embryos were injected at the 1-2 cell stage (approximately 0.5 hpf according to [11] ) into the yolk-sac with a sterile vitamin E preparation made for intravenous use in humans containing d 6 -α-tocopherol (d 6 -α-T, 5.4 g/L) in an oil-water emulsion made with soybean oil and phospholipids. Embryos were injected with 4.0 nL of the d 6 -α-T emulsion, a quantity (20 ng, or 46 pmol) that provides an amount of α-tocopherol to the E-embryos equal to that in 0 hpf E+ embryos [15] . Glucose injections were performed as described [25] . Briefly, at 24 hpf embryos were injected (into the yolk-sac) with 4.0 nL of 2.0 M glucose solution prepared with D-glucose (Sigma-Aldrich, St Louis, MO, USA) dissolved in sterile saline solution. This dose was based on the maximum solubility of glucose in water. Control-injection conditions for both experiments consisted of saline injection with sterile saline solution (NaCl, 58 mmol/L; KCl, 0.7 mmol/L; MgSO 4 , 0.4 mmol/ L; Ca(NO 3 ) 2 , 0.6 mmol/L; Hepes, 5 mmol/L; pH 7.3). Criteria used to assess supplementation tolerance of zebrafish embryos using ZAAP were embryonic development, growth, and mortality, assessed at 24, 48, and 120 hpf.
Data processing and statistical analyses
Targeted metabolomics data processing was performed using PeakView software (SCIEX). Sample peaks for each targeted metabolite of interest were annotated using the extracted ion chromatograms (XIC) lists based on high resolution MS, MS/MS fragmentation, isotopic distribution, and retention time compared with an in-house library of 635 metabolite standards (IROA Technologies, Bolton, MA, USA). In addition to the IROA database, metabolite identities were confirmed further using the METLIN web-based metabolomics database (http:// www.metlin.scripps.edu). Peak intensities for each individual metabolic feature were normalized using the corresponding mean QC sample (n=4) intensity for that feature, as described [26] , to balance their differences in intensities that may have arisen due to discrepancies in the sample homogenization (sample preparation). Student's t-tests (Excel, Microsoft) to compare the two VitE groups at each developmental time-point (24, 48, 72, and 120 hpf) were performed with statistical significance set at p < 0.05. To control for false discovery rates for these metabolomics data during follow-up analyses, study outcome significance was set at Q < 0.05, using an adaptive linear step-up procedure [27] . Subsequent statistical analyses (e.g. 2-way ANOVA with Tukey's or Sidak's multiple comparison tests, as recommended by the software) were performed using GraphPad Prism 6.0 software (GraphPad, La Jolla, CA).
Quantification of total and free fatty acids, and hydroxy-DHA was performed using MutliQuant Software version 3.0.2 (SCIEX). Lipid peaks were identified based on the accurate masses and retention times of each individual lipid, then quantified by integrating peak area using MultiQuant Software. Raw area counts for each lipid were normalized using area counts for the corresponding internal standard, then corrected for internal standard concentration. Statistical analyses (e.g. 2-way ANOVA with Tukey's multiple comparison test) were performed using GraphPad Prism 6.0 software (GraphPad, La Jolla, CA).
For OCR analyses, the extracellular flux analyzer assay data was collected and processed using the XF Reader software (Seahorse Biosciences, Agilent Technologies, Santa Clara, CA) and exported using Excel 2013 (Microsoft). The baseline OCR and PPR were calculated, in Fig. 1 . VitE deficiency-induced morbidity and mortality coincides with decreased DHA and increased hydroxy-DHAs. A. Increasing morbidity and mortality in E-embryos. B. Phenotypic deformities in E-embryos: CF=cranial-facial malformation, PE= pericardial edema, YSE= yolk-sac edema, BA= skewed body-axis. C. Relative-quantitation of total (saponified sample) DHA, free DHA and hydroxy-DHAs in E-vs. E+ embryos; area counts normalized using internal standards (n=4 samples/group, n=15-30 embryos/sample). Percentages of each hydroxy-DHA =(hydroxy-DHA/free DHA)*100. Shown are means ± SEM; p-values from 2-way ANOVA with unique letters indicating differences (Tukey's post-test, p < 0.05).
addition to the ATP-linked OCR, the maximum OCR, proton leak, and mitochondrial reserve capacity, as described [22, 23] . Additional statistical analyses (e.g. 2-way ANOVA with Tukey's multiple comparison tests) were performed using GraphPad Prism 6.0 software.
Statistical analyses for morphological and behavioral endpoints were performed using code developed in R (R Developmental Core Team 2014, http://www.R-project.org). For morphological assessments at 24 and 96 hpf, binary responses were recorded as either absent (0) or present (1) for each of the 18 endpoints. For statistical analyses of behavior, raw data files were processed using custom R scripts with methodologies based on [19] . In brief, the distance traveled by each individual animal, over each integration period, was measured and then the total area under the curve (AUC) was computed for each animal. The overall AUCs for the E-compared to the E+ embryos then were compared using a combination of percent change (minimum 30% difference from E+ embryos) and a Kolmogorov-Smirnov test (p < 0. 01) to determine statistical significance.
Results and discussion
We obtained E-and E+ embryos by spawning adult 5D zebrafish fed either E-or E+ diets. E+ embryos grew normally, while Eembryos suffered > 80% morbidity and mortality by 120 hpf (Fig. 1A-B) . Measured α-tocopherol concentrations in living E-and E+ embryos were 1.09 ± 0.01 and 22.41 ± 0.04 pmol/embryo, respectively, at 120 hpf.
At 48 hpf E-embryos contained decreased concentrations of DHAcontaining phospholipids (DHA-PL), particularly phosphatidylcholine (PC) and phosphatidylethanolamine (PE), as well as DHA-lyso-PC [28] , a major DHA transporter to the brain [29, 30] . Since DHA is critical for normal neurodevelopment [29] , we hypothesized that VitE deficiency causes embryonic death by depleting DHA-PC, thereby depriving the embryo of adequate DHA. We tested this hypothesis by assessing the impact of VitE status on relative quantities of total, free (unesterified) and oxidized DHA in E-vs. E+ embryos. Initially, total and free DHA were elevated in E-embryos, but by 48 hpf both were significantly lower than E+ embryos (Fig. 1C , see also Fig. 1 and Tables 1 and 2 in Supplementary data); further, the lipid peroxidation products, 7-and 10-hydroxy-DHA [31] , as well as 9-HODE, were elevated in E- (Fig. 1C) , ranging from 3% to 7% of the free DHA at 120 hpf, confirming increased DHA peroxidation.
Craniofacial malformations are observed at 48 hpf in E-embryos (Fig. 1B) and in zebrafish embryos genetically manipulated to completely lack VitE [32] more severe defects are seen as early as 15-17 hpf, an embryonic stage that coincides with neurulation [11] . Since choline is a nutrient essential for neurulation in vertebrate embryos [33] and PC is a major source of choline [34] , we hypothesized that the increased DHA-PC replenishment in E-embryos [28] induces a secondary choline deficiency. We found that as development progressed both choline and various choline-containing compounds in the cytidine-5-diphosphocholine (CDP-choline) pathway for PC synthesis decreased in the Eembryos ( Fig. 2A; see also Fig. 2 , Tables 1 and 2 in Supplementary data), consistent with our previous lipidomics-based investigations [35] .
PC can also be generated by the serial methylation of PE via the phosphatidylethanolamine N-methyltransferase (PEMT) pathway using Tables 1 and 2 in [10] ) and Sidak's post-test (p < 0.05) of normalized, log-transformed intensity values (n=4 samples/group, 15 embryos/sample, see Methods). NA = no data available. Abbreviations: A. P-Choline (phosphocholine), DMG (dimethylglycine), Eth-amine (ethanolamine), Cys-thionine (cystathionine), SAM (S-adenosyl-methionine), SAH (S-adenosyl-homocysteine), -CH 3 (methyl group). B. G-6-P (glucose-6-phosphate), F-6-P (fructose-6-phosphate), F-1,6-BP (fructose-1,6-bisphosphate), 3-PG (3-phosphoglycerate), PEP (phosphoenolpyruvate), Alpha-KG (alpha-ketoglutarate), OXO (oxaloacetate), 6-P-GL (6-phosphogluconate), Ribose 5-P (ribose-5-phosphate).
the requisite methyl-donor, S-adenosylmethionine (SAM). Unlike the CDP-choline pathway that generates PC containing mono-and diunsaturated fatty acids, the PEMT pathway generates PC containing polyunsaturated fatty acids [36] and enhances DHA transfer from mother to fetus in humans [37] . Evidence that the PEMT pathway in E-embryos caused depletion of methyl-donors is shown by the decreases at 120 hpf of SAM, methionine, and betaine, while the SAM oxidation product, S-adenosyl-homocysteine increased ( Fig. 2A ; see also Fig. 2 , Tables 1 and 2 in Supplementary data). Thus, PC synthesis via the PEMT pathway in E-embryos became compromised due to choline and methyl-donor depletion.
VitE deficiency not only induced oxidative damage by increasing lipid peroxidation, but also depleted other antioxidants (see also Fig. 3 , Tables 1 and 2 in Supplementary data). Specifically measured ascorbic acid concentrations in E-embryos were halved at 120 hpf (22.2 ± 0.3 vs. 59.8 ± 1.0 pmol/embryo in E-and E+, respectively, see also Fig. 3 , Tables 1 and 2 in Supplementary data). We, therefore, hypothesized that the E-embryos have an increased need for reducing equivalents (NADPH) and that glucose would be shunted to the pentose phosphate pathway to generate NADPH [38] . In E-embryos, glucose was depleted with increases in 6-phosphogluconate and ribose-5-phosphate intermediates (Fig. 2B) , while glycolytic and TCA cycle intermediates in Eembryos (although increased at 24 hpf) were decreased at subsequent time-points ( Fig. 2B ; see also Fig. 4 , Tables 1 and 2 in Supplementary data). Moreover, NADPH was increasingly oxidized in E-embryos and NADP+/NADPH ratios increased over time ( Fig. 2B ; see also Fig. 3 , Tables 1 and 2 in Supplementary data). This metabolic shift -aimed at ameliorating the effects of oxidative stress -occurred at the expense of energy-generating pathways, such as glycolysis and flow through the respiratory chain of tricarboxylic acid (TCA) cycle-generated reducing equivalents. Evidence for the uncoupling of the TCA cycle in Eembryos (i.e. citrate transported to cytosol for fatty acid synthesis and cytosolic reduction of pyruvate to lactate) is provided by their 1) increased levels of saturated fatty acids (palmitic and stearic, Fig. 2B , see also Figure 5 , Tables 1 and 2 in Supplementary data), 2) decreased glutamine and glutamate (see also Tables 1 and 2 in Supplementary data), and 3) increased lactate (Fig. 2B, see also Fig. 4 , Tables 1 and 2 in Supplementary data). Overall, this metabolic profile in E-embryos resembles the Warburg effect seen in cancer cells [39] . Thus, Eembryos experience dysregulation of energy metabolism, a phenomen- on that is a major driver of cellular dysfunction and death as an ultimate consequence of VitE deficiency. Potentially, ferroptosis, a mechanism of programmed cell death due to increased lipid peroxidation [40, 41] , which is dependent on GPx4 and GSH, as well as VitE to prevent cell death [7] , is responsible for the embryonic lethality. Notably, VitE has been suggested to function as a lipoxygenase inhibitor and thereby prevents the generation of oxidized arachidonic and adrenic PE, which have been identified as lipid signaling molecules for ferroptosis [42] . These latter molecules were doubly and triply oxygenated, and thus beyond the technical capabilities of the approaches used for the present study, so further research is needed to assess the role of ferroptosis during VitE deficiency and embryogenesis in zebrafish. Additionally, endothelium specific Gpx4 depletion in mice showed that VitE was necessary not only for endothelial function but also mouse viability [43] . Moreover, studies in mice with a Gpx4 deletion in hematopoietic cells showed that GPx4 is essential for preventing receptor interacting protein 3 (RIP3)-dependent necroptosis in erythroid precursor cells, a process that could be ameliorated by VitE [44] . Thus, there are a number of pathways involving lipid peroxidation, GPx4 and VitE that lead to programmed cell death and emphasize the necessity for further studies to elucidate these various mechanisms.
To assess the degree to which energy metabolism was dysregulated during VitE deficiency, the bioenergetic profiles of E-and E+ embryos were assessed in real-time by measuring mitochondrial and nonmitochondrial respiration (Fig. 3A) . At 24 hpf, E-embryos had higher basal oxygen consumption rates (OCR), but at 48 hpf their basal OCRs were decreased (Fig. 3B) . At 24 and 48 hpf E-embryos had reduced levels of "maximal respiration" (Figs. 3B, 4A) , demonstrating a lack of mitochondrial reserve capacity [23] , and had an elevated proton production rates (PPR, Figs. 3C, 4B), concomitant with their increased lactate concentrations (Fig. 2B) . Thus, E-embryos experienced a "metabolic switch" from a hyper-to a hypo-metabolic state consistent with non-energy generating glucose metabolism (i.e. pentose phosphate pathway) and TCA cycle uncoupling (i.e. citrate transport into cytosol) by 48 hpf (Figs. 2B, 4C) .
We hypothesized that impairment of aerobic, mitochondrial glucose metabolism in E-embryos caused their neurobehavioral abnormalities. Morphologically normal 96 hpf E-embryos were 84% less responsive to light-dark stimuli in a locomotor assay ( Fig. 4D ; see also Figure 6 in Supplementary data). To determine if increased glucose status would ameliorate the neurobehavioral defects, 24 hpf E-and E+ embryos were microinjected into the yolk sac with D-(+)-glucose in saline or with saline alone. Glucose rescued the neurological deficits in 50%, and morbidity and mortality in 31%, of E-embryos ( Fig. 4D ; see also Figure  7 in Supplementary data), but they still sustained craniofacial deformities (not shown). Thus, it may be surmised that other nutrients, e.g. DHA and choline, are required by E-embryos to obtain a complete phenotypic rescue, as observed in a pilot trial employing microinjection of a VitE-PL emulsion at 0 hpf (see Figure 6 in Supplementary data). Deuterated polyunsaturated fatty acids, which are less susceptible to lipid peroxidation [45] , and protect mitochondria from dysregulation caused by lipid peroxidation [46] could be used as rescue reagents in E-embryos to evaluate the role of the initial lipid peroxidation in embryonic lethality. Similarly, ferroptosis inhibitors, . 3) ; p-value =2-way ANOVA, Tukey's post-test, unique letters indicate differences (p < 0.05). C. Disrupted energy metabolism in E-embryos. Activity of gray pathways is reduced; red arrows denote bioenergetic rates showing metabolic switch between 24 and 48 hpf. Black arrows indicate differences in select metabolites between E-and E+ embryos (data from Fig. 2 ). D. E-and E+ embryos (n=128/group) injected into the yolk sac at 24 hpf with either saline or glucose were analyzed for locomotor activity at 96 hpf (mm/sec; see Methods). Glucose injection attenuated neurobehavioral abnormalities in E-embryos by~50% (Kolmogorov-Smirnov test; p < 0.0001).
such as ferrostatin and liproxstatin [47] , might be protective during VitE deficiency and would be a means to test directly the role of ferroptosis in E-embryo lethality. Clearly, further study is needed to define the molecular mechanisms by which VitE deficiency becomes lethal.
The mechanisms underlying VitE's essentiality during neurodevelopment include its antioxidant protection of DHA and DHA-PLs, which prevents lipid peroxidation, additional antioxidant depletion, and metabolic dysregulation with secondary decreases in both choline and glucose. Additionally, specific effects on lipoxygenase enzymes may play critical roles in embryonic lethality. Such pleiotropic outcomes cause death by effectively starving the embryonic brain not only of vital nutrients, namely DHA and choline, but also of the energy needed for development. These findings acquire even greater significance upon consideration that -nearly 100 years after its discovery [1] -they provide mechanistic insights into why the vertebrate fetus requires VitE, and, as a corollary, expand the role VitE deficiency plays in human miscarriage.
